Specimens of venous whole blood and two successive urinary voids were collected from 450 individuals apprehended for driving under the influence of alcohol in Sweden. The first specimen of urine (UAC-1) was obtained as soon as possible after arrest, and the second void (UAC-2) was collected about 60 rain later (mean 66 rain, range 30-130). A specimen of venous blood was drawn approximately 30 rain after the first urine sample was collected. Ethanol was determined in blood and urine by headspace gas chromatography, a method with high analytical precision (coefficient of variation -1%). The mean UAC for the first void was 2.60 g/L (range 0.21-5.35) compared with 2.40 g/L (range 0.16-5.50) in the second void. The mean concentration of alcohol in venous blood (BAC) was 1.97 g/L (range 0.08-4.57). The concentrations of ethanol in the two voids of urine were highly correlated (r --0.97, residual standard deviation [SD] 0.22 g/L). The UAC and BAC results were also highly correlated; r = 0.958 (residual SD 0.28 g/L) for the first void and r = 0.978 (residual SD 0.21 g/L) for the second void. The concentration of ethanol in the first void (UAC-1) was higher than the second void (UAC-2) in 383 (87%) instances, decreasing by 0.23 g/Uh on average. In 57 instances (13%), UAC-1 was less or equal to UAC-2 with a mean increase of 0.19 g/L. When BAC exceeded 0.5 g/L (N --429), the mean UAC-1/BAC ratio was 1.345 with 95 % reference limits of 0.968 and 1.72, which agreed well with median (2.5th and 97.5th percentiles) of 1.325 (0.938 and 1.79). For the second void, the mean UAC-2/BAC ratio was 1.221 with 95% reference limits of 0.988 and 1.45 and with a median (2.5th and 97.5th percentiles) of 1.226 (0.997 and 1.46). These reference limits are appropriate to use when a person's venous BAC needs to be estimated with reasonable scientific certainty from the concentration determined in specimens of urine.
Introduction
Many review articles and books dealing with forensic aspects of ethanol mention that the average ratio of ethanol concentrations in urine and blood (UAC/BAC) is 1.3:1 (1) (2) (3) . When the British government introduced their 1967 Road Safety Act, a blood-alcohol concentration (BAC) of 80 rag/100 mL (0.08 g%) was considered as equivalent to a urine-alcohol concentration (UAC) of 107 rag/100 mL (0.107 g%), which suggests a UAC/BAC ratio of 107/80 or 1.33:1 (4) . This kind of legislation avoids the need to discuss variability in the UAC/BAC relationship for any individual suspect and a similar approach was followed when statutory breath-alcohol limits were introduced in the U.K. (35 ] ~g/100 mL). In many U.S. states, threshold alcohol limits for driving are set at a blood-alcohol concentration of 0.08 g/100 mL or a breath-alcohol concentration of 0.08 g/210 L (blood/breath ratio 2100:1). Scant attention was given to the magnitude of variation in urine/blood and blood/breath ratios of ethanol between and within subjects, and any temporal changes during absorption, distribution, and elimination of ethanol were seemingly ignored (5) .
Several studies have shown that UAC/BAC ratios are often less than unity during the absorption stage of ethanol kinetics and increase to reach a value close to 1.3:1 during the early part of the post-absorptive phase and increase further as BAC decreases to approach zero (6) (7) (8) (9) . The UAC/BAC ratio also seems to depend on the concentration of ethanol in the samples with low concentrations giving high ratios, and therefore the amount of ethanol consumed needs consideration (7) . The length of time that urine is stored in the bladder before voiding is also an important consideration because ethanol is continuously being removed from the blood by metabolism, but no oxidation of ethanol occurs in the bladder. This situation results in abnormally high UAC/BAC ratios being obtained for the first void. Likewise, a failure to empty completely the bladder on micturition is another factor that can skew the UAC/BAC ratio for the second void. The combined influences of many physiological and experimental variables means that whenever a measured UAC is translated into a presumed BAC, the result obtained is subject to considerable uncertainty (10) . The magnitude of uncertainty in the UAC/BAC relationship for two successive voids collected from a large number of individuals suspected of drunk driving is the subject of this article.
The results of this study will prove useful for clinical and forensic scientists whenever urine is the only specimen available for analysis of ethanol and when a request is made to interpret this information in terms of the person's likely BAC and impairment of performance and behavior.
Materials and Methods
The blood and urine specimens used in this study were obtained from drinking drivers apprehended by the police in Sweden. All specimens were sent for analysis to the National Laboratory of Forensic Toxicology (Link~ping, Sweden). For the purpose of this study, cases were selected for evaluation if two successive urinary voids and a specimen of venous whole blood were available. The main defense challenge in Sweden is alleged consumption of alcohol after driving or after being involved in a traffic accident (11) . In these situations, the UAC/BAC ratio and the change in UAC between two successive voids can furnish useful information to support or challenge this defense tactic (11, 12) .
Drunk drivers in Sweden are apprehended in connection with (i) police sobriety check points, (ii) "tips" provided by other motorists who might have observed dangerous or erratic driving, (iii) after committing a moving traffic violation, and (iv) involvement in a traffic accident. Conducting field sobriety tests prior to administrating a roadside breath-alcohol screening test is not necessary in Sweden. If the preliminary breath test is positive, the suspect is taken to a police station where either an evidential breath-alcohol test is made or blood and urine specimens are collected for forensic analysis. If the driver is apprehended at the wheel and lacks the opportunity to claim consumption of alcohol after driving, then urine specimens are unnecessary.
The times of collecting blood and urine could not be controlled exactly because of the different circumstances, such as the need for hospital treatment after a crash or the location of the traffic stop as well as other time elements. Police instructions require that the first urine void be taken as soon as possible after the driver is apprehended. The sample of venous blood is drawn about 30-60 rain later when a physician or registered nurse arrives, and then the police attempt to secure a second sample of urine. The suspect is asked to empty the bladder completely on each void, and the total volume of urine collected is recorded. The urination is closely monitored by police to counteract attempts at specimen adulteration. A 10-mL aliquot from the pool of urine is transferred into a plastic tube containing NaF (100 rag) as preservative and then made airtight with a screw-on cap. Venous blood is taken under sterile conditions from an anticubital vein into Vacutainer tubes containing NaF (100 rag) and potassium oxalate (20 mg) as preservatives. Two tubes are filled in rapid succession.
The tubes of blood and both urine specimens together with arrest forms are sent by express mail to the National Laboratory of Forensic Toxicology. The information written on the specimen tubes is compared with similar information on the accompanying forms, and any discrepancies are noted. The concentrations of ethanol in blood and urine are determined in duplicate by headspace gas chromatography as described in detail elsewhere (13) . This method has a high analytical precision with a coefficient of variation of about 1%. Two technicians work independently with different sets of equipment and make duplicate determinations on blood and urine specimens. The means of duplicates were used in the calculation of UAC/BAC ratios, and the concentration units were grams per liter.
The whole material consisted of 450 driving under the influence of alcohol (DUI) cases and the mean and standard deviation as well as median and 2.5th and 97.5th percentiles were used as estimates of central tendency and variability (14) . The association between two variables, UAC-1 and UAC-2, for example, and between UAC and BAC was established by correlation-regression analysis, and the residual standard deviation (SD) indicates the random errors. Reference limits for the UAC/BAC ratios in the first and second voids were calculated as mean _+ (1.96 x SD) as well as by calculating the median and 2.5th and 97.5th percentiles. This latter method is independent of the shape of the distribution and can therefore be applied to variables that are not normally distributed (14, 15) . Confidence intervals (95%) for the UAC/BAC reference limits were calculated as described by Bland (14) .
Results
The average time difference between collecting the two urine voids was 66 rain (range 30 to 130 rain) and venous blood was mostly taken 30-60 rain after the first urinary void. Table I gives descriptive statistics for the whole material as well as selected sub-sets depending on the various conditions shown. Because the UAC/BAC ratios tended to increase as concentrations of ethanol in blood decreased, those cases with BAC less than 0.50 g/L (n = 21) were omitted from the main statistical analysis. These probably reflect individuals who are approaching a zero blood-alcohol concentration. Furthermore, reference limits for UAC/BAC ratios were calculated separately when UAC-1 < UAC-2 (n = 56), which might indicate that the absorption and distribution of alcohol in the body was incomplete. The remaining 429 cases were analysed in detail and used to determine reference limits for UAC/BAC ratios in first and second voids (Table II) .
Table I. Descriptive Statistics for Blood and Urine Alcohol Concentrations and Urine-to-Blood Ratios of Alcohol in First and Second Voids from Apprehended Drinking Drivers in Sweden
A strong correlation (r = 0.973) was found between UAC-1 and UAC-2 in all 450 DUI cases and the residual SD was 0.22 g/L (Figure 1) . The associations between UAC-1 and BAC and UAC-2 and BAC are shown in Figure 2 as scatter plots. The correlation coefficients were highly significant (p < 0.001), and the residual SDs were 0.28 g/L for the first void and 0.21 g/L for the second void, indicating somewhat less random variation when a fresh urine specimen was obtained for analysis (second void). Figure 3 shows the UAC/BAC ratios plotted against the corresponding blood-alcohol concentration. A statistically significant negative correlation was found for the first void (r = -0.44) but not for the second void (r = -0.074) where no trend was evident. This indicates that the value of the UAC/BAC ratio for freshly produced urine and provided that BAC is higher than 0.5 g/L is independent of the person's blood-alcohol concentration. 6 .O" ., ." Table II gives mean, median, standard deviation, 95% reference intervals, and 2.5th and 97.5th percentiles for UAC/BAC ratios for both the first and second voids (iV = 429). The most likely UAC/BAC ratios for these drunk drivers are given by the mean or median of the distributions, being 1.33 for first void and 1.22 for the second void. These values could be used to gain an idea of what the person's BAC might be with a probability of 50%. However, because of analytical and physiological variations instead of an average or median value being used to estimate BAC, the 95% reference limits might be preferred. These limits were considerably narrower for the second void with 2.5% being above 1.45 and 2.5% below 0.988. Because of the large sample size (N = 429), the 95% confidence intervals for these reference limits are fairly narrow (Table II) . Dividing UAC in a second void by 1.47 (the upper confidence band) will give a highly conservative estimate of the person's venous BAC. By contrast, for a randomly collected first void, the UAC must be divided by 1.75 to achieve the same level of confidence in the estimated BAC. When only those cases with UAC-1 > UAC-2 are included (iV = 393), the mean and medians were about the same although the 95% reference limits were much narrower (data not shown). This stricter selection criteria probably eliminates all individuals that have not reached the post-absorptive phase of ethanol kinetics.
According to Table I , the mean and median of the UAC/BAC ratios agree well for the second void, and the histogram and cumulative frequency plot show a very good fit to a Gaussian distribution ( Figure 4 ). Urine has a long history as a biological specimen for the analysis of alcohol and the results corroborate any clinical signs and symptoms of drunkenness as noted by Erik M.P. Widmark in 1914 (16) . Interest in measuring ethanol in body fluids for legal purposes accelerated in the 1930s when it was found that many traffic crashes and deaths on the highway were caused by drunk drivers (17, 18) . Evidence of drunkenness and unfitness to drive was obtained by recording various signs and symptoms of intoxication along with the concentration of ethanol in a specimen of urine (19) . Urine and breath were the preferred specimen for forensic analysis of alcohol because obtaining blood raised the constitutional issue of self-incrimination, whereas the urine a person voided and the breath exhaled were considered waste products voluntarily discarded (17) (18) (19) . Over the past century, a vast literature has accumulated on the UAC/BAC relationship in specimens collected from both living and dead subjects (20) (21) (22) (23) (24) (25) . In postmortem toxicology, the analysis and interpretation of ethanol concentrations measured in more than one body fluid (blood and urine or blood and vitreous humor) is virtually essential to boost confidence in the results (26) . By contrast, in living subjects, despite severe penalties and sanc-tions for DUI, the use of more than one body fluid for the determination of ethanol is extremely rare. The methods for measuring ethanol in urine are accurate and precise, and the concentrations remain stable during long periods of storage at 4~ (27, 28) .
Discussion
Some potential problems with the use of urine for the analysis of ethanol were dispelled when it was shown that neither urine-creatinine, a biochemical marker for dilute specimens, nor drinking water before voiding had any negative impact on the UAC/BAC relationship (29, 30) . Another often cited criticism of urine-ethanol measurements relates to the phenomenon of urine retention, which has been suggested might lead to abnormally high UAC/BAC ratios (31) . Although it is widely recognized that older men with prostrate enlargement have difficulties emptying the bladder completely on each void, it is also well-known that these individuals tend to urinate more frequently (32) . Experiments are needed to establish the mean and variation of UAC/BAC ratios in a well-characterized patient material made up of men and women with problems in emptying the bladder completely on micturition. To the author's knowledge, these experiments have not yet been published.
It seems reasonable to assume that the concentration of ethanol in any residual urine in the bladder, which was produced when the BAC was high becomes diluted with freshly produced ureter urine that might contain a lower concentration of ethanol because of the metabolism of ethanol taking place in the liver. When the BAC eventually reaches zero, the residual urine in the bladder that might still contain ethanol starts to become diluted with alcohol-free urine. Accordingly, the first morning void after an evening's drinking could contain ethanol reflecting the BAC prevailing during the night. But the second morning void will be alcohol-free provided that the BAC has reached zero at the time of the first morning void, and one of the most urgent tasks on arising in the morning is to visit the bathroom (33) .
In the present large group of DUI suspects, the UAC/BAC ratios were somewhat higher for the first void (median 1.33), compared with a second void (median 1.22). The residence time of urine in the bladder before collecting the first void is unknown but is probably longer than the mean of 66 rain before the second void was collected. During the production and storage of urine in the bladder, a person's BAC does not remain static but decreases by 0. 
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s:o urine is taken as 100% (v/v) compared with 80-85% (v/v) for whole blood, this gives a theoretical UAC/BAC ratio of 1.18:1 to 1.25:1 and these are the ratios expected if the urine was obtained by catheterization. After a period of continuous drinking, especially with a rising BAC, the diuretic action of ethanol ensures that the person urinates frequently, so even the first void from drunk drivers is a fair representation of the BAC existing 1-2 h earlier.
Dividing the UAC of the first void by 1.33 gives an idea of the average BAC during the time that the urine was being produced and stored in the bladder. Accordingly, the concentration determined in the first urine sample collected after driving is a good representation of the BAC at the time of driving. This unique advantage of urine over other body fluids for forensic analysis, namely to give an indication of the BAC at an earlier point in time (i.e., the time of driving or crash), has surprisingly not been fully appreciated. The person's BAC at the time of driving is often a hotly debated issue in DUI litigation. If a more conservative estimate of BAC at time of driving is needed, instead of dividing the UAC by the mean or median UAC/BAC ratios of 1.33, an upper 97.5th percentile could be used instead (Table II) . Such a calculation, with reasonable scientific certainty, yields a minimum value for the person's BAC at the time of driving. If a second urinary void is collected, dividing by 1.22 gives a good estimate of BAC during the period of collection of urine in the bladder and dividing by 1.47 gives a result less than the true value with a probability of 40 to 1. The choice between mean and median values as measures of central tendency and 95% reference limits derived from SD or 2.5th and 97.5th percentiles is somewhat arbitrary considering that the distribution of UAC/BAC ratios, for the second void agreed well with a Gaussian curve.
The first urinary void should never be discarded because the ethanol concentration gives valuable information about the person's BAC some time prior to obtaining the blood sample such as at the time of driving. As recognized by Heise (23) , this is a unique advantage of urine over other body fluids used for analysis of alcohol. Other strong advocates of measuring alcohol in urine were Biasotti and Valentine (31) who presented an excellent review of forensic aspects of UAC and variability in UAC/BAC ratios. Their study and the conclusions therein deserve close attention from those interested in the use of urine as a biological specimen for alcohol analysis in traffic law enforcement and forensic science.
Forensic toxicologists are often required to interpret the concentrations of illicit drug in urine in relation to the time of last use and occasionally also the amount taken or the likely blood or plasma concentration (34) . For drugs other than ethanol, such questions are difficult or even impossible to answer with any degree of certainty. The physicochemical properties of ethanol and the high correlation between the concentrations in blood and urine (Figure 2 ) are unlike those of other drugs of abuse. The transfer of ethanol from blood to urine occurs by passive diffusion, and the concentration in the glomerular filtrate will mirror the concentration in plasma. Ethanol shows negligible binding to plasma proteins and distributes evenly into the total body water, making it a lot easier to interpret the concentration of ethanol in urine compared with all other abused drugs (7, 8, 31) .
The risk for post-sampling synthesis of ethanol should not be overlooked when urine-ethanol concentrations are interpreted (35, 36) . This problem can be avoided if the collection tubes contain at least 1% NaF and are stored in a refrigerator (+ 4~ pending analysis (37, 38) . These requirements are very important if information suggests that the donor was diabetic and therefore prone to excrete sugar in urine and/or was suffering from a urinary tract Candida infection (39) . Without an enzyme inhibitor, glucose in the urine together with viable yeast or bacteria lead to production of ethanol if the samples are stored at room temperature for at least 24 h (38). Whenever postsampling synthesis of ethanol is suspected, a control analysis can be performed after allowing an aliquot to stand at room temperature in a closed container for a few days (26) . An appreciable increase in the concentration of ethanol above that expected from analytical imprecision alone is evidence for on-going production of ethanol. However, absence of such an increase is not proof that post-sampling synthesis of ethanol had not already occurred earlier and all fermentable glucose converted before making the control analysis.
Herman Heise, a U.S. pioneer in use of chemical tests for alcohol influence (23) appreciated that the UAC/BAC relationship could also be used to support or challenge alleged consumption of alcohol after driving, which is a very common DUI defense tactic (11, 12) . The BAC existing between two successive voids can be estimated by dividing the UAC (second void) by a factor of 1.33, the presumed population average urine/blood ratio of ethanol. To avoid discussion and debate about a person's urine/blood ratio of ethanol when making these conversions, some jurisdictions have endorsed a threshold concentration of ethanol in urine as a punishable offence, such as 107 mg/dL the current legal limit in the U.K. In the state of Minnesota, a statutory UAC of 0.1 g per 60 mL urine for a single void was taken as being equivalent to a BAC of 0.1 g/100 mL and hence a UAC/ BAC ratio of 1.5:1 (100/60).
The results from this study, which involved the analysis of blood and urine specimens from 450 individuals apprehended for alcohol-impaired driving, have given reference limits for the UAC/BAC ratios in first (random) and second urinary voids. These limits are appropriate for use in civil and criminal litigation when UAC needs to be converted into the expected BAC with reasonable scientific certainty. Dividing UAC by the 97.5th percentile of the UAC/BAC distribution gives a conservative estimate of the person's actual BAC during the collection period of urine in the bladder. The BAC obtained by this calculation, with a probability of 40:1, will not exceed the true value. A more conservative estimate can be obtained by use of the 99th percentile of the UAC/BAC distribution ratio (data not shown).
